The cause of the molecular defect of Fanconi anemia (FA) remains unknown. Cells from patients with FA exert an elevated spontaneous chromosomal instability which is further triggered by mitomycin C. The induced lability is reduced by overexpression of thioredoxin which is not the case for spontaneous instability. However, both are eliminated by overexpression of thioredoxin cDNA with an added nuclear localization signal. This implies that thioredoxin is lacking in the nuclei of FA cells. The total thioredoxin content in all FA cells tested is reduced. The resultant lack of nuclear thioredoxin can be the explanation for the major symptomatology in FA. Since thioredoxin is known to be the reactive cofactor of ribonucleotid reductase its shortcoming reduces the supply of deoxyribonucleotides thus hindering the DNA and replication repair with resultant chromosomal breaks. Furthermore, depression of tyrosine hydroxylase, the key enzyme of melanine synthesis, could be the basis for the pathognomotic`cafeÂ au lait' spots of FA. The observation of thioredoxin reduction in FA cells permits insight into the molecular phathophysiology of FA.
Introduction
Fanconi anemia (FA) is a rare, autosomal recessive disorder with a variety of clinical manifestations (Fanconi, 1927; Alter, 1993) , an increased risk of cancer and panmyelopathy.
FA cells have a highly unstable genome and a marked hypersensitivity to crosslinking agents such as mitomycin C (MMC), diepoxybutane (DEB) and cisplatin as well as a hypersensitivity towards oxygen (Joenje et al., 1981; Dallapiccola et al., 1985; Schindler and Hoehn, 1988) . Antioxidants exert a stabilizing in¯uence on FA DNA and FA cells (Dallapiccola et al., 1985; Ruppitsch et al., 1997) . Interestingly, the amount of antioxidative enzymes like catalase, superoxide dismutase, glutathione peroxidase, and phospholipid hydroperoxide glutathione peroxidase are normal in FA ®broblasts (Gille et al., 1987; Ruppitsch et al., 1997) . Nevertheless, the intracellular content of reactive oxygen intermediates is elevated (Korkina et al., 1992) .
Thioredoxin (Trx) is the central intracellular antioxidant and an important regulator of redox sensitive gene expression (Izawa et al., 1999 , Oliviera et al., 1999 Schenk et al., 1994; Sen and Packer, 1996) . Trx acts as an electron donor for ribonucleotide reductase thus providing deoxyribonucleotides for DNA synthesis and repair. Furthermore, Trx inhibits tyrosine hydroxylase and, thereby, melanin production. As reduced intracellular concentrations of Trx cause chromosomal instability and skin hyperpigmentation (Holmgren, 1985; Wood and Schallreuter, 1991) , both characteristic symptoms of FA, we analysed in detail the eect of overexpressed thioredoxin on FA cells' phenotype.
We had observed previously that overexpression of Trx diminished the DNA damaging eect of DNA crosslinking agents in FA cells: e.g. Trx was able to reduce MMC induced chromosomal breaks but had no in¯uence on spontaneous chromosomal instability (Ruppitsch et al., 1998) . In contrast the arti®cial, synthetic redox carrier dithiothreitol (DTT) reduced both the induced as well as the spontaneous chromosomal breaks in FA ®broblasts. To explain this unexpected result we thought that the small DTT molecule could move easily between cytoplasm and nucleus, whereas the larger, membrane-bound protein thioredoxin (M r 14 000), lacking a nuclear localization signal (NLS), could not easily cross the nuclear membrane.
In an eort to develop our hypothesis, we transfected FA and control cells with NLS-plasmids either carrying the thioredoxin cDNA or not. We studied the chromosomal stability of FA cells transfected with these constructs. Our results indicate a maldistribution of thioredoxin in FA cells.
Results

Cells of patients with Fanconi anemia are reported to
show an alteration of redox potential, despite an intact antioxidant defense system. Reduction of the oxygen partial pressure is bene®cial for FA cells and supplementation with the synthetic redox carrier DTT abolishes both the spontaneous as well as the MMC induced chromosomal instability. As DTT is an arti®cial redox carrier it raised the question as to which naturally occurring redox carrier might be aected.
The most important intracellular redox carrier is thioredoxin. Transfection of FA cells with a cDNA for thioredoxin and overexpression of the protein in fact reverts the MMC induced chromosomal instability. However, in contrast to the action of DTT, the spontaneous chromosomal instability of FA cells remained unchanged. This discrepancy might be due to the altering migratory ability of DDT compared to Trx towards the cell nucleus. Trx, lacking an obvious nuclear localization signal, might have diculty traversing the nuclear membrane.
This hypothesis was investigated as follows: a eucaryotic expression plasmid (pCR/CMV/myc/nucTrx) was constructed carrying the cDNA of thioredoxin joined to a general NLS. Since this plasmid (nuc/ Trx) also expresses myc, a successful transfection and nuclear expression of the protein could directly be controlled (Figure 4) . A similar plasmid (pCR/CMV/ myc/nuc) lacking the thioredoxin, served as an`empty' control (nuc). FA and unaected control ®broblasts, MMC treated and untreated, were transfected with the NLS carrying plasmids nuc and nuc/Trx. Micronuclei were scored as indicators for chromosomal instability. Con®rming our previous results, FA cells lost their hypersensitivity towards MMC when thioredoxin was overexpressed. Further, spontaneous breaks were also reduced to normal in FA ®broblasts. Thioredoxin when directed to the nucleus (nuc/Trx) restored the cellular phenotype to normal in all analysed complementation groups (FANCA;B;C;G) with high signi®-cance (P50.0005) whereas the nuc plasmid did not (Figure 1) .
The cells were analysed by RT ± PCR and immunocytochemistry to ensure that this result could directly be related to transcription and translation of the transfected thioredoxin cDNA, and that the protein had successfully reached the nucleus. The transfected Trx was ampli®ed by including a short vectorial sequence to distinguish between the endogeneous and the construct coding for Trx. This was accomplished, apart from the thioredoxin speci®c primers, by use of an oligonucleotide that annealed to nucleotides of the NLS sequence adjacent to thioredoxin (Figure 2b ). Endogeneous thioredoxin RNA devoid of this NLS nucleotide sequence could not be ampli®ed under these conditions. Two PCR products of dierent length were obtained dependent on the primer combination. Proof for the nuclear transport of the expressed recombinant proteins came from immunolabeling with antibodies against myc and thioredoxin ( Figure 4 ). The rate of transfection was about 30%.
The experiments described here con®rm our previous assumption that chromosomal instability in FA cells is due to a de®cient redox potential in the nuclei. Since overexpression of thioredoxin in the nuclei reverts the high chromosomal breakage rate to normal, a suboptimal concentration of thioredoxin may exist in FA cells. In order to determine whether this prediction is substantial, immunolabeling of primary ®broblasts with antibodies against thioredoxin was performed ( Figure 5 ). Enhanced staining of the nuclei of control ®broblasts for thioredoxin antibodies did occur in contrast to a generally more diuse staining pattern with intensi®ed¯uorescence at the margins of thè empty' nuclei of FA cells. However, the dierences were dicult to quantify. Consequently, the thioredoxin content was determined by Western blot analysis in cytoplasmic and nuclear extracts of cells from FA patients and unaected control. b-actin served as an internal control. These experiments were performed with primary skin ®broblasts and with lymphoblastoid cells (Figure 6 ). FA cells contain signi®cantly (P50.05) less thioredoxin in the nuclei compared to controls. However, both cell types achieved this de®cit in a dierent way. Evaluation of the blots showed that FA 3) or with the nuc/Trx plasmid (lanes 4 ± 6). PCR was allowed for the following cycles: 24 (lanes 1 and 4), 26 (lanes 2 and 5) and 28 (lanes 3 and 6). Endogeneous Trx was ampli®ed in increasing amounts demonstrating 24 cycles to be far below saturation (lane 1). Transfection of Trx however increased the PCR template such, that at 24 cycles saturation of the reaction was reached already (lane 4) Figure 5 Endogeneous expression of thioredoxin in FA and Co primary ®broblasts by immuno¯uorescence. Cells (subcon¯uent) were stained with DAPI to visualize the nuclei and with puri®ed polyclonal antibodies towards thioredoxin (green¯uorescence). Intensively green nuclei can be distinguished in control cells. Thē uorescence in FA cells is more diuse, the nuclei appear like black holes with¯uorescence intensi®ed at the margins of the nuclei Figure 4 Immunocytochemistry of ®broblasts transfected with pCMV/myc/nuc/Trx demonstrates transport of the expressed myc protein to the nucleus. Nuclei of ®broblasts are shown by DAPI staining. Two of them successfully express myc ®broblasts contained only one third of the total amount of thioredoxin found in control cells ( Figure  6a ). Thereby, FA ®broblasts had considerably less thioredoxin in their nuclei than cells of healthy probands although no obvious dierence in the procentual distribution of the cellular compartments was seen. In lymphoblastoid cells we noted the opposite. The total amount of thioredoxin was raised in FA cells by a marked increase in the cytoplasm, but very little was detectable in the nuclear fraction ( Figure  6b ).
To con®rm these results, the amount of enzymatically active thioredoxin was measured via an insulin activity assay. The experiments veri®ed the results of the Western blots: On average, FA primary ®broblasts had about 40% less thioredoxin than unaected control cells (Figure 7 ). These ®ndings easily explain the high amount of spontaneous chromosomal breaks characterizing FA and the ability to reduce this instability to normal by overexpression of thioredoxin in the nucleus.
Discussion
An elevated level of radical oxygen intermediates (ROI) combined with hypersensitivity towards oxygen seems to be responsible for the FA phenotype. Though antioxidative enzymes are in a normal range it could be shown here, that thioredoxin, a natural redox carrier, is reduced in cells of FA patients. Thioredoxin in the FA cells but especially in the nuclei seems to be underrepresented. Recently we reported the reversion of MMC induced chromosomal instability by transfection of thioredoxin cDNA and overexpression of the protein in FA cells (Ruppitsch et al., 1998) . The experiments displayed here show that overexpression of NLS tagged thioredoxin which is able to migrate into the nucleus reverts to normal both the MMC induced as well as the spontaneous chromosomal instability of FA. MMC induction of chromosomal breaks can be explained by the activation of the drug by reduction via a cytoplasmic P450 system. A byproduct of this reaction is the formation of ROI, which can become harmful to the DNA in the nucleus. Overexpressed thioredoxin removes noxious ROI thereby protecting the DNA. Moreover, overexpressed thioredoxin with NLS migrates into the nucleus thereby abolishing chromosomal breaks. This might be achieved directly by its in¯uence on the ribonucleotide diphosphate reductase. Thioredoxin is known to be a redox partner of this reductase which supplies the cell with deoxyribonucleotides. Therefore, if thioredoxin concentration is reduced in the nucleus, as we have demonstrated is the case for FA cells, deoxyribonucleotide concentrations will be likewise reduced. As a consequence of deprived DNA precursors, not only DNA repair but DNA replicative synthesis appears to be halted. This indeed is the case in FA cells for which a cell cycle arrest is well established.
Thioredoxin may not only play a key role in the development of chromosomal instability and cell cycle delay. Thioredoxin is implicated in a variety of cellular redox processes (Holmgren, 1985) . Thus, a shortage of redox potential caused by a shortage of thioredoxin would result in suppression of redox reactions and Furthermore, thioredoxin represses tyrosine hydroxylase. Lack of thioredoxin causes derepression of this enzyme which plays a key role in melanin synthesis, resulting in an excess of melanin. Thus the hyperpigmentation and the`cafeÂ au lait' spots seen in FA patients might be due to this mechanism. The exaggerated melanin synthesis consumes much of the present tyrosine, an essential amino acid, resulting in developmental delay, growth retardation and hypogonadism of FA children. Thus, the most characteristic symptoms of FA can be explained on the grounds of insucient thioredoxin in the cell nuclei and in the cytoplasm.
What causes the lack of thioredoxin? This cannot as yet be answered. Thioredoxin in its oxidized form seems to leave the cell via the plasmamembrane (Rubartelli et al., 1992 (Rubartelli et al., , 1995 ). Due to an elevated level of ROI in the cytoplasm of FA cells a greater fraction of Trx is oxidized and released from the cells. A further plausible possibility may be that reduced thioredoxin, lacking an obvious nuclear localization signal, requires a special system to be transported into the nucleus. Several of the FANC proteins may participate in this transport. The postulated`FA pathway' (GarciaHiguera et al., 2001) could probably be this complex transporter system. As shown here, immuno¯uores-cence pictures of thioredoxin in FA ®broblasts may suggest that, in contrast to control cells with their brightly stained nuclei, thioredoxin gathers around the nucleus. In opposition to Hirota et al. (1999) , who reports that in normal cells oxidative burden induces the translocation of Trx into the nucleus, we show that nuclei of FA cells appear black and empty. In FANCD1 lymphoblasts the striking discrepancy between thioredoxin induction in the cytoplasm and very low thioredoxin content in the nucleus is suggestive as a reasonable explanation for these observations. Other FA gene products could be in charge of down regulation or of decontamination of ROI. That Fanconi proteins are involved in the redox potential becomes evident in that FANCC protein, acting as it does to counteract the formation of disul®des in gluthathion-S-transferase (Cumming et al., 2001) , prevents its inactivation by oxidation.
Assuming the role of deprived thioredoxin in FA, it would be of great interest to analyse an animal system exhibiting loss of function mutations in one of the thioredoxin genes for FA symptomatology. Knock out mice homozygeously defective in the trx1-gene die immediately after implantation (Matsui et al., 1996) . However, heterozygeous mice are relatively normal and fertile (Fujii et al., 1991) . It will be of major interest to elucidate how thioredoxin without an NLS enters the nucleus and to investigate possible interactions with the FA proteins.
Whatever the cause for the lack of thioredoxin in FA cells, the pathophysiology of Fanconi anemia centers around thioredoxin and its maldistribution. This knowledge oers for the ®rst time the impetus to elucidate the normal functions of Fanconi proteins and the role by which their mutations may lead to cancer.
Materials and methods
Chemicals and antibodies
Chemicals were purchased from Merck, Roth or Sigma unless otherwise indicated.
Polyclonal antibodies against human thioredoxin were raised in rabbit and puri®ed against the antigen over a cyanobromide activated gel. Goat anti-actin antibodies and the horseradish peroxidase (HRP) conjugated antibodies against rabbit and goat were purchased from Santa Cruz. Mouse anti-myc antibodies were from Clontech and the anti-mouse Cy3 and anti-rabbit FITC conjugated antibodies were from Sigma.
Plasmids
PCR fragments were cloned in the TOPO TA cloning vector pCR2.1 (Invitrogen). The thioredoxin fragment was subcloned into the mammalian expression vector pCR/CMV/ myc/nuc (Invitrogen) and in the bacterial expression vector pQE30 (Qiagen) for protein puri®cation.
Cell lines and culture conditions
Primary ®broblasts (Table 1) were grown in minimal essential medium (MEM-Earle, Biochrom, Berlin) with 10% fetal calf serum (FCS, Greiner, Germany). The lymphoblastoid cells (Table 2) were cultured in RPMI 1640 medium with glutamax-I (Life Technologies, Scotland, UK) containing 15% FCS. All cells were cultured at 378C in an atmosphere of 5% CO 2 in air and were free of mycoplasms.
Micronucleus assay
To determine chromosomal instability the micronucleus technique was used as described (Ramirez et al., 1999) . Cells were analysed 48 ± 60 h after transfection.
Transient transfection
A plasmid puri®cation kit (Qiagen) was used to purify the DNA for transfection. Logarithmically growing cells were transfected by the calcium phosphate precipitation method as described (Ramirez et al., 1999) . Eciency of transfection was estimated by immunocytochemistry and by RT ± PCR. Cloning of thioredoxin and DNA sequencing
The Trx gene was isolated by PCR cloning using cDNA from control ®broblasts. cDNA was synthesized from cytoplasmic RNA by reverse transcription as described (Sambrook et al., 1989) . The oligonucleotides used for PCR correspond to the 5' end (TCACCATGGTGAAGCAGATCGAGAGC) and the 3' end (GCGGCCGCGACTAATTCATTAATGGTG-GC) of the Trx cDNA. PCR fragments were transfected into competent bacteria and positive colonies were assessed for inserts and sequenced. Sequence analysis was performed by the use of a Thermo Sequenase¯uorescent labeled primer cycle sequencing kit with 7-deaza dGTP in an automated DNA sequencer Licor 4000L (MWG-Biotech) following the instructions of the manufacturer.
RT ± PCR
For ampli®cation, cytoplasmic RNA was extracted by the use of the Qiagen RNA extraction kit following the supplied protocol. Three mg of RNA was reversed transcribed with MMLV-reverse transcriptase (Promega) after being primed with an oligo dT primer. The reverse transcribed products were diluted directly into PCR buer and ampli®ed with the 5' primer (CGGGATCCTGAAGCAGATCGAGA) and the 3' primer (TCAGTAGACTTTGACTAATTCATTAATG-GTG) for Trx and with the 5' primer (ATGGATGATGA-TATCGCCGCG) and the 3' primer (TCAGGGAGCTCG-TAGCTCTTC) for b-actin. Primers were used at 135 ng, and ampli®cation was allowed for 24 and 30 cycles respectively: 1 min at 588C for annealing, 1 min at 728C for extension and 30 s 958C for denaturation. Those cycle numbers were previously seen to be in the linear range of saturation. PCR was also performed with the pcDNA3.1/BGH reverse primer (CCTCGACTGTGCCTTCTA) and the sense Trx primer at the conditions described above.
Immunocytochemistry
Immuno¯uorescence was performed as described (Sittler et al., 1996) with a few changes. Shortly, cells were ®xed with 3.7% paraformaldehyde for 10 min at room temperature. After ®xation cells were permeabilized with 0.2% Triton X-100 for 10 min. For blocking 10% FCS was used for 1 h. Cells were incubated with Trx antibodies and myc antibodies for 1 h. Thereafter they were extensively washed with 0.1% Triton X-100 and incubated with FITC conjugated and Cy3 conjugated antibodies for another hour. Finally, the cells were once more washed with 0.1% Triton X-100 followed by a PBS washing step. In the last washing steps 30 nM DAPI was added to stain the nuclei.
Western blot
Cells were harvested by trypsinization, washed with PBS and cytoplasmic and nuclear extracts were prepared as described by Schreiber et al. (1989) . Ninety mg protein was loaded on a 15% SDS gel, electrophorized and blotted onto a nitrocellulose membrane (Schleicher and Schuell). Trx and b-actin antibodies were used to visualize the respective proteins. Detection was achieved by the use of HRP conjugated antibodies in a chemiluminescence detection system (Santa Cruz). Evaluation of the bands was performed using the Quantity One software (Biorad).
Insulin assay
The insulin disul®de reduction assay was performed as described by Junn et al. (2000) except for the Trx reductase from rat that was replaced by Trx reductase from bovine heart. 
